To evaluate the effects of hypothyroidism on ovarian function, multiparous, nonlactating Brahman cows (n = 18) were assigned randomly to dietary treatments containing either 0 (C; n = 9) or 4 mgؒkg BW
Introduction
Thyroid hormones are required for the expression of seasonal changes in reproduction in sheep (Parkinson and Follett, 1994) and apparently in Bos indicus cattle (DeMoraes et al., 1998) . Maintenance of LH pulse frequency is critical for normal reproductive function and is directly influenced by energy balance in ruminants (Schillo, 1992) . The pulsatility of GnRH decreases due to seasonally induced changes in the negative feedback effect of gonadal steroids . However, these changes can be blunted in animals with induced hypothyroidism (Dawson et al., 1985) , and this may indicate a direct and suppressing effect of thyroid hormones on ovarian response to gonadotropins. Data are lacking to explain the role of thyroid 1 This manuscript includes research supported and conducted by the Texas Agric. Exp. Sta., the Texas A&M Univ. System. This study was a contribution to the Western Regional Research Project W-112, Reproductive Performance in Domestic Ruminants. 2 To whom correspondence should be addressed (phone: 903-834-6191; fax: 903-834-7140) .
Received November 23, 1998 . Accepted April 23, 1999 2749 pressed (P-PTU). Cows in the PTU group had greater (P < .01) ADG, (P < .05) ovarian weights, and numbers of large (≥ 8 mm) (P < .05) follicles. Cows in the PTU group had lower embryo recovery rate (P < .001), fertilization rate (P < .001), and percentage of blastocysts (P < .1) than C cows. The H-PTU cows had greater numbers of luteinized follicles (P < .06), greater concentrations of progesterone (P 4 ) in the follicular fluid at all size categories (P < .1), and greater numbers of corpora lutea (P < .05) than C cows. The ratio of luteal to serum P 4 on d 7 was greater (P < .05) in hypothyroid cows. Induced hypothyroidism improved weight gain and BCS, increased ovarian response to FSH, and affected ovulation, fertility, and P 4 secretion in superovulated Brahman cows.
function in ovarian activity. Studying the ovarian response to exogenous gonadotropins in hypothyroid cows during a season of normal reproductive activity could provide an indication of such an interaction. Our hypothesis is that hypothyroidism could enhance ovarian response to superovulation by increasing ovarian sensitivity to FSH. The objectives of this research were to determine the effect of induced hypothyroidism on ovulation rate, corpus luteum (CL) function, and fertility in superovulated Brahman cows during the spring and summer months.
Materials and Methods
This experiment was conducted during the spring and summer of 1996. Multiparous, nonlactating Brahman cows (n = 18) with excellent body condition scores (BCS; ≥ 6) were assigned randomly to dietary treatments containing either 0 (C; n = 9) or 4 mgؒkg BW −1 ؒd −1 of 6-n-propyl-2-thiouracil (PTU; n = 9; Sigma F3755; Sigma Chemical Co., St. Louis, MO), which inhibits synthesis of thyroid hormones and deiodination of thyroxine (T 4 ) to triiodothyronine (T 3 ) (Lissitzky, 1990 ). All animals were maintained together with free access to Coastal bermudagrass (Cynodon dactylon) hay, water, and minerals. The two treatment groups were separated daily and group-fed 1.82 kgؒanimal
ؒd −1 of a 5:1 corn:soybean meal concentrate with 16% CP and 90% TDN. The PTU was mixed with the concentrate and was recalculated every 2 wk based on average BW. Three weeks after beginning the treatments, cottonseed hulls were substituted for hay due to the unavailability of hay. Blood samples were collected via coccygeal venipuncture on a weekly basis, daily during the superovulatory treatment, at AI, and the day before and the day of embryo collection. Blood samples were stored for 10 to 12 h at 4°C. Serum was harvested and stored at −20°C until it was analyzed for T 3 and T 4 using commercial RIA kits (Diagnostic Products Corp., Los Angeles, CA; KT3D1 and TKT41, respectively), and for progesterone (P 4 ) using the direct RIA method described by Williams (1989;  antibody: GDN #337 anti-progesterone-11-BSA serum; G. D. Niswender; CSU, Fort Collins, CO). The intraassay CV for T 3 , T 4 , and P 4 were 3.18, 1.85, and 4.95%, respectively. Each hormone was assayed in a single assay. The detection limits for T 3 , T 4 , and P 4 were .01, .53, and .51 ng/mL, respectively. Initial, weekly, and final BW and BCS (1 = thin, 10 = fat; Godfrey et al., 1988) were recorded. The cows began the experiment on d 10 of the estrous cycle after the presence of a CL indicative of midcycle ovarian function was verified by transrectal ultrasonography (Aloka 210, linear-array rectal transducer 7.5 MHz rectal probe; Corometrics Systems, Wallingford, CT). Estrous behavior was monitored via visual observation three times daily with the aid of epididymectomized bulls equipped with chinball markers (one bull/nine cows). Ten days after the second estrus, the cows received daily i.m. injections of 25 IU of porcine FSH (Superov, Lot No. 722, Ausa Int., Tyler, TX) over a 3-d period. Estrus was induced by administration of PGF 2α (Lutalyse, Pharmacia & Upjohn, Kalamazoo, MI; 25 mg 48 h and 15 mg 60 h after beginning the superovulation treatment). Cows were artificially inseminated at 12 and 24 h after observation of estrus, or at 48 and 72 h after the administration of PGF 2α if estrus was not detected. Frozen semen from a single ejaculate from an Angus bull was used. Six days after AI, cows were weighed and removed from feed and water until the next day when embryos were collected nonsurgically. Stage of development and quality of the embryos was assessed using a stereomicroscope. Embryos were classified as Grade I (good), Grade II (poor), or Grade III (bad) using criteria in Randel et al. (1996) . Embryo recovery rate was estimated by dividing the number of ova plus embryos collected by the number of CL. Fertilization rate was calculated as the number of embryos collected divided by the number of CL.
Immediately following embryo collection, both ovaries were removed via midflank laparotomy. Ovarian weight, follicular diameter, number and weight of CL, and stroma weight were recorded. Luteal tissue was stored at −20°C, and P 4 was extracted in duplicate using the method of Armstrong et al. (1964) . Concentration of P 4 per gram of luteal tissue was measured using a direct RIA method (Abraham et al., 1971) . The duplicate pair CV was 9.51%. The inter-and intraassay CV were 9.03 and 4.07%, respectively, with a mean detection limit of .036 ng/mL. Total P 4 content per CL was determined by multiplying the concentration of P 4 by CL weight. Follicular fluid from every follicle ≥ 4 mm in diameter was collected and stored in one of four follicular size categories per cow: 4 to 7.9 mm, 8 to 11.9 mm, 12 to 15.9 mm, and ≥ 16 mm (Randel et al., 1996) . Concentrations of P 4 (Abraham et al., 1971) , estradiol-17β (E 2 ; Korenman et al., 1974) , and testosterone (Murdoch and Dunn, 1982) in follicular fluids were measured with RIA procedures validated for our laboratory by Harrison et al. (1985) . The intraassay CV for P 4 , E 2 , and testosterone were 2.12, 2.52, and 5.07%, respectively. Detection limits for P 4 , E 2 , and testosterone were .046 ng/mL, 5.66 pg/mL, and .01 ng/ mL, respectively.
Effects of the dependent variable, treatment, on the independent variables, weight, ADG, BCS changes, mean serum P 4 concentrations, paired ovarian weight, ovarian stroma weight, follicular fluid weight, number of CL, total and average CL weight, number of follicles within size categories, follicular fluid P 4 , E 2 , testosterone concentrations, and concentration of serum P 4 per gram of CL, were determined using the GLM procedures of SAS (1985), with residual as the error term. Treatment differences in the independent variables, embryo recovery rate, fertilization rate, and percentage of blastocysts recovered, were determined using chi-square procedures (SAS, 1985) . Treatment and time differences in the independent variables, serum T 3 and T 4 , were determined using the GLM procedure specific for repeated measures (SAS, 1985) , with residual as the error term. Simple correlations between the P 4 :E 2 ratio and follicular size categories and concentrations of testosterone in follicular fluid with follicular size categories were determined using procedures in SAS (1985) .
Results
Serum Triiodothyronine and Thyroxine Concentrations. Serum T 3 concentrations were suppressed (P < .004) in PTU cows (.83 ± .11 ng/mL) by d 14 of treatment compared with C cows (1.46 ± .11 ng/mL). The C cows had similar concentrations of T 3 throughout the experiment ( Figure 1A ), and the PTU cows had lower (P < .05) concentrations. However, some PTU cows (n = 4) had only a partial degree of thyroid suppression, and other cows (n = 5) were hypothyroid (T 4 concentrations below 20 ng/mL; Stewart et al., 1994) . Due to these distinct differences in thyroid suppression, the PTU group was divided into two subtreatment groups (hypothyroid and partially suppressed) to evaluate general and reproductive performance at three defined levels of thyroid function. The hypothyroid cows had lower (P < .004) T 3 concentrations (.42 ± .18 ng/mL) on d 49 than the thyroid-suppressed (1.29 ± .2 ng/mL) or C (1.32 ± .14 ng/mL) cows. For T 3 concentrations, the treatment × time interaction was significant (P < .05), which indicated a progressive decrease over time during PTU treatment. For serum T 3 concentrations, treatment (P < .001) and treatment × time (P < .001) were significant when comparing hypothyroid, thyroid-suppressed, and C cows. Area under the T 3 curve was less (P < .05) in the hypothyroid (35.4 ± 3.6 units) than in the thyroid-suppressed (51.6 ± 4.1 units) or C (63.5 ± 4.8 units) cows.
Serum T 4 concentrations began declining by d 14 and 21 in hypothyroid and thyroid-suppressed cows, respectively, and concentrations remained stable in C cows throughout the treatment period ( Figure 1B ). Serum T 4 concentrations were suppressed (P < .003) in PTU cows (33.8 ± 5.7 ng/mL) by d 28 of PTU treatment compared with C cows (62.6 ± 5.7 ng/mL). However, T 4 concentrations in hypothyroid cows (38.1 ± 5.1 ng/ mL) were suppressed (P < .003) by d 21 compared with thyroid-suppressed (67.5 ± 5.8 ng/mL) and C (61.54 ± 3.8 ng/mL) cows. As expected, due to classification of level of thyroid suppression, serum T 4 concentrations were lower (P < .05) on d 49 in hypothyroid (5.4 ± 6.5 ng/mL) and thyroid-suppressed cows (24.8 ± 7.3 ng/ mL) than in C cows (54.1 ± 4.8 ng/mL). Treatment with PTU affected (P < .007) T 4 concentrations, and there was a treatment × time interaction (P < .0001). Serum T 4 concentrations were affected by treatment (P < .0006), and the treatment × time interaction was significant (P < .0001) when hypothyroid, thyroid-suppressed, and C cows were compared. Area under the T 4 curve was lower (P < .05) in the hypothyroid (1,612 ± 192 units) than in the thyroid-suppressed (2,608 ± 214 units) or C (2,831 ± 143 units) cows.
Weight and Body Condition Score Changes. The first 28 d of treatment were interpreted as a transitional stage and were not analyzed for weight change. Between d 35 and 49, thyroid function was suppressed in all PTU cows, which showed greater ADG (P < .01; Table 1 ), net weight gain (P < .01), and BCS change (P < .02; Table 1 ). In addition, ADG (1.5 ± .3 kg) and net weight gain (21.4 ± 4 kg) were the greatest (P < .04) in hypothyroid cows compared with the thyroidsuppressed (1.2 ± .3 kg, 17.1 ± 4.5 kg, respectively) and C cows (.5 ± .2 kg and 7.6 ± 3 kg, respectively).
Ovarian Response to Superovulation. Treatment with PTU affected (P < .05) paired ovarian weight and ovar- Means with different superscripts within a column differ (P < .05).
ian stroma weight following superovulation. Cows receiving PTU had greater ovarian (P < .04) and stroma (P < .09) weights (76.4 ± 12.8 and 21.5 ± 2.7 g, respectively) than C cows (41.5 ± 12.8 and 14.7 ± 2.7 g, respectively). Total follicular fluid weight was greater (P < .07) in PTU (26.6 ± 6.7 g) than in C cows (10.8 ± 6.7 g). Similarly, the number of CL was increased (P < .07) in PTU (26.9 ± 6) compared with C (12.4 ± 6) cows.
In association with the number of CL, the total luteal tissue weight, including luteal tissue from luteinized follicles, was greater (P < .08) in PTU (31.4 ± 6.5 g) than in C (15.9 ± 6.5 g) cows. There was no treatment effect (P > .1) for mean CL weight. When hypothyroid, thyroid-suppressed, and C cows were compared, ovarian, stroma, follicular fluid, and luteal weight and number of CL were greater (P < .05) in hypothyroid than in C cows, and thyroid-suppressed cows were intermediate (Table 2) .
Follicular Diameters. Greater (P < .06) numbers of large follicles (≥ 12 mm) were observed in PTU (3.22 ± .75) than in C (1.44 ± .75) cows. When hypothyroid, thyroid-suppressed, and C cows were compared, the number of follicles ≥ 8 mm was greater (P < .05) in hypothyroid cows than in C cows, and the thyroidsuppressed cows were intermediate (Table 3) . Number of luteinized follicles was similar (P = .1) in PTU (1.78 Table 1 . Average daily gain (ADG; kg ± SE), net weight gain (kg ± SE), and body condition score (BCS) change (units ± SE) in control (C), hypothyroid (H-PTU), partially suppressed (P-PTU), and all propylthiouraciltreated (PTU) cows between d 35 and 49 of treatment Values in columns with different superscripts differ P < .05.
x,y
Values in columns with different superscripts differ P < .01.
± .53) and C (.56 ± .53) cows. However, hypothyroid cows had a greater (P < .05) number of luteinized follicles than did C cows (Table 3) . Diameter of the largest follicle was greater (P < .05) in PTU (18.0 ± 1.3 mm) than in C (14.7 ± 1.3 mm) cows.
Serum Progesterone Concentrations. Mean serum P 4
concentrations on d 11 and 12 of the first estrous cycle were similar (P > .1) between groups, as well as on d 6 and 7 of the third estrous cycle. However, serum P 4 concentration per gram of luteal tissue on d 7, the day of embryo collection, was lower (P < .05) in hypothyroid than in C cows (Figure 2 ).
Embryo Recovery and Quality. Rate of embryo and unfertilized oocyte (UFO) recovery was calculated for all cows except for two C cows, one in which the Foley catheter could not be passed through the cervix and another that did not respond to superovulation (no CL). Feeding PTU decreased (P < .001) embryo recovery rate, decreased (P < .1) fertilization rate, and reduced (P < .1) the development of embryos to the blastocyst stage but did not affect (P > .1) the quality of the embryos recovered (Table 4) .
Follicular Fluid Steroid Concentrations. Concentration of P 4 in follicular fluid was correlated positively (r = .47; P < .001) with follicular size category in all treatment groups. There was a tendency (P < .1) for PTU cows to have greater P 4 concentrations than C cows in all follicular size categories. Concentration of E 2 in follicular fluid was correlated negatively (r = −.26; P < .05) with follicular size category in all treatment groups. The P 4 :E 2 ratio was correlated positively (r = .48; P < .001) with follicular size categories in all treatment groups and showed a tendency (P < .1) to be greater in PTU than in C in all categories (Figure 3) . Concentration of testosterone in follicular fluid was correlated negatively (r = −.62; P < .001) with follicular size category in all treatment groups.
Progesterone Concentration in Corpora Lutea. Concentration of P 4 per gram of luteal tissue differed (P < .05) among treatments when the hypothyroid cows were compared with C and with the thyroid-sup- Table 3 . Number of follicles (x ± SE) within categories (additively) in control (C), hypothyroid (H-PTU), and partially suppressed (P-PTU) Brahman cows on d 7 after superovulation Means with different superscripts within a column differ (P < .05).
f,g
Means with different superscripts within a column differ (P < .1) pressed cows (Table 5 ). The total amount of P 4 in luteal tissue per cow was greater (P < .1) in hypothyroid cows than in C and thyroid-suppressed cows. As an indicator of P 4 release, the ratio between the total amount of P 4 in luteal tissue per cow and serum P 4 concentration at CL collection was the greatest (P < .05) in hypothyroid cows, followed by partially suppressed PTU and then by C cows (Table 5) .
Discussion
All of the PTU-treated cows had depressed thyroid function by d 21 of treatment. From d 28 on, hypothyroid cows had T 4 concentrations < 20 ng/mL, indicating that they were hypothyroid during the superovulatory treatment period. However, some PTU-treated cows had T 4 concentrations ≥ 20 ng/mL. Stewart et al. (1994) reported that cattle were hypothyroid when their serum T 4 concentrations were below 20 ng/mL. The cows with T 4 concentrations above 20 ng/mL were considered to be thyroid-suppressed because they had significantly lower T 4 concentrations compared with controls but were not hypothyroid. The cows that were only thyroid-suppressed were probably not consuming enough of the drug, because the cows were not individually fed. Low palatability of feed containing PTU has been reported (Blaxter et al., 1949; Raun et al., 1960) . Grade I = good; Grade II = poor; Grade III = bad (Randel et al., 1996) .
Body weight gains were the greatest in hypothyroid cows, intermediate in partially suppressed cows, and lowest in controls. Gains in BCS were the greatest in hypothyroid cows, intermediate in controls, and lowest in partially thyroid-suppressed cows. If hypothyroid cows have a lower metabolic rate and their physical activity is reduced, the proportion of dietary energy available for growth and fattening is increased (Trenkle, 1978) . Hypothyroidism has been reported to prolong retention time of digesta in cattle (Miller et al., 1974) . A prolonged retention time of the digesta can increase fiber digestion and absorption of volatile fatty acids from the rumen as well as a general absorption of nutrients from the gastrointestinal tract (Owens and Goetsh, 1993) . The most probable reasons for improved performance were that the hypothyroid and partially suppressed cows may have used less of the dietary energy for maintenance and activity, and absorption of nutrients also may have been improved.
Thyroid status affected ovarian response to exogenous FSH. Ovarian weight, stroma weight, follicular fluid weight, number of CL, total CL weight, number of follicles ≥ 8 mm, diameter of the largest follicle, and number of luteinized follicles were all greater in hypothyroid cows than in control cows. Hypothyroid cows had greater responses compared with controls, and partially suppressed cows had intermediate responses. Thyroid status did not influence individual Table 5 . Progesterone concentrations (x ± SE) in corpora lutea in control (C), hypothyroid (H-PTU) and partially suppressed (P-PTU) Brahman cows on d 7 after superovulation Means with different superscripts within a column differ (P < .05). CL weights or circulating concentrations of P 4 , but concentrations of P 4 per gram of luteal tissue were lower in hypothyroid than in control cows. The greater amount of CL tissue in the hypothyroid cows may have offset the lower CL P 4 concentrations and resulted in similar circulating P 4 . The ratio between the total amount of P 4 in the luteal tissue per cow and serum P 4 concentration at CL collection was greater in hypothyroid cows than in controls, leading to the conclusion that P 4 release, but not synthesis, by CL may have been impaired in the hypothyroid cows.
Improvement in the nutritional status of the hypothyroid animals may have affected ovarian response to the exogenous FSH (Rasby et al., 1991; Schillo, 1992) . Increased ovarian response to exogenous FSH has been reported in heifers with increased ruminal production of propionate due to an ionophore antibiotic in the diet (Bushmich et al., 1980) . Endocrine changes also may have been involved, because hypothyroidism has been reported to increase GnRH secretion in cows (Webster et al., 1991) and to increase secretion of gonadotropins from the anterior pituitary of heifers (Stewart et al., 1994) . Superovulatory response has been reported to be enhanced by exogenous administration of GH by direct action on the ovaries and a consequent increase in circulating IGF-I (Giudice, 1992) . Circulating GH concentrations have been reported to be elevated in hypothyroid cattle (Raun et al., 1960) . Hypothyroidism could have altered ovarian response to exogenous FSH through any or all of these mechanisms. Although the mode of action cannot be elucidated from the present study, a relationship between decreased thyroid function and increased ovarian response to exogenous FSH was demonstrated.
Even though hypothyroidism may increase ovarian response to FSH, there may be some negative influence of hypothyroidism on secretion of LH or ovarian response to LH. The increased number of luteinized follicles and follicles > 16 mm in hypothyroid cows on d 7 after superovulation is evidence that follicular maturation and ovulation were altered in the hypothyroid cows. It is likely that the follicles > 16 mm failed to ovulate after the superovulation estrus but were not exposed to enough LH for luteinization to occur, as in some large luteinized follicles found in the hypothyroid cows. There was a positive correlation between follicular size category and follicular fluid P 4 concentration and negative correlations between follicular fluid E 2 and testosterone concentrations and follicular size. The follicular fluid P 4 :E 2 ratio was > 1 in all follicles ≥ 8 mm, indicating that they had been exposed to LH stimulation. Hypothyroid cows had a tendency to have even greater P 4 :E 2 ratios in the follicular fluid in all size categories, indicating that a majority of the follicles of the ovaries of the hypothyroid cows had failed to ovulate at the previous estrus. Ovulation is often impaired in hypothyroid animals (Burrow, 1978) .
Even though embryo quality was similar between hypothyroid, partially suppressed, and control cows, all cows with decreased thyroid function had lower rates of embryo recovery and decreased fertilization rates. The PTU cows had a tendency for reduced development of embryos to the blastocyst stage compared with controls. These rates of recovery were calculated from number of CL on the ovaries, but some cows with elevated superovulatory response fail to eject the oocyte, even though the follicle ruptured and a CL formed (Monniaux et al., 1983) . For this reason, the increased response to FSH in the PTU cows may have resulted in failure to eject the oocyte rather than some direct effect on embryo recovery. The decrease in fertilization rate in our study does not agree with a previous report that hypothyroidism does not affect fertility in cows (Burrow, 1978) .
The increased number of luteinized follicles and number of follicles > 16 mm on d 7 after superovulation as well as the shift in the P 4 :E 2 ratio in follicular fluid toward P 4 in the PTU cows indicates that the ovulatory process was impaired in the superovulated, hypothyroid cows. This impairment may have been caused by the magnitude of response to exogenous FSH or by the suppression of thyroid function working through some unidentified mechanism.
Implications
Hypothyroidism increases ovarian response to a superovulatory treatment. However, fertility of superovulated cows may be impaired by hypothyroidism, because numbers of transferable embryos collected were not improved in hypothyroid cows. Treatments designed to alter thyroid function may not improve reproductive performance of cattle and may be deleterious to superovulation for embryo production.
